7. Sehn LH, Berry B, Chhanabhai M et al. The revised International Prognostic Index (R-IPI) is a better predictor of outcome than the standard IPI for patients with diffuse large B-cell lymphoma treated with R-CHOP. Background: Cognitive impairment and fatigue have been associated with cancer and its treatment. We present baseline data from a large longitudinal study that evaluates cognitive function, fatigue, and potential underlying mechanisms following diagnosis of colorectal cancer (CRC).
Conclusions: The incidence of cognitive impairment was three to five times higher in CRC patients than HC, with women having higher impairment rates than men. The cognitive impairment profile suggests dysfunction primarily in fronto-subcortical brain systems.
Trial registration: NCT00188331.
Key words: cognitive function, fatigue, colorectal cancer, quality of life, survivorship introduction There is consistent evidence that some women with breast cancer suffer cognitive decline at diagnosis and/or after chemotherapy, and that effects may be sustained [1] [2] [3] [4] . The aetiology of cognitive impairment is unknown, but possible mechanisms include release of cytokines, hormonal changes, blood clotting in small cerebral vessels, and neurotoxic effects from chemotherapy [5] .
Fatigue is also associated with cancer and its treatment, with most studies being in women with breast cancer [6] . Mechanisms leading to cancer-related fatigue are largely unknown, but there is evidence to implicate inflammatory cytokines [7] .
There have been no large prospective studies of cognitive function and fatigue in people with colorectal cancer (CRC), which affects both men and women; such changes may be subtle, but have profound effects on physical and social function and quality of life (QOL). The goal of the present article was to characterise the incidence and severity of these symptoms soon after diagnosis of CRC, compared with healthy controls (HC), and to evaluate putative mechanisms.
methods patients
Here we present baseline findings of a prospective, longitudinal study of cognitive function and fatigue in patients with localised CRC (group 1). We also recruited patients with limited metastatic or locally recurrent CRC (group 2) before chemotherapy. Comparisons were made with HC ( Figure 1 ).
Participants were aged 18-75 years, with good performance status (Eastern Co-operative Oncology Group levels 0-1). Subjects were excluded if they had prior malignancy, co-morbidities that might impact cognitive performance, history of major psychiatric disorders or alcohol abuse, abnormal haematological, renal or liver function, or poor English fluency. Group 2 patients could have received adjuvant chemotherapy and/or radiotherapy ≥12 months previously; they were excluded if they had central nervous system metastases.
Participants with CRC were recruited from 2003 to 2010 from eight hospitals in Toronto, Canada and six hospitals in Sydney, Australia. HC were recruited from hospital visitors and the community in Sydney. Each institution's Research Ethics Board approved the study, and all participants gave written informed consent.
assessments
Baseline assessments of participants in group 1 occurred after surgery and before any adjuvant chemotherapy; except patients with rectal cancer planned for neoadjuvant chemoradiation, who were assessed before receiving any treatment.
Cognitive function was assessed with the following measures: (i) battery of clinical neuropsychological tests, (ii) computer-based Cambridge Neuropsychological Test Automated Battery (CANTAB) [8] and (iii) modified Six Elements Test (SET) [9] (supplementary Table S1 , available at Annals of Oncology online). Tests were selected for their psychometric properties, and where possible on availability of demographically corrected normative data and alternate forms for repeated assessments. Testing was conducted by a trained research assistant and took ∼90 min.
Participants' perceptions of their cognitive function were evaluated with the Functional Assessment of Cancer Therapy-Cognitive (FACT-Cog) version 2 [10] . A summary score was calculated. The FACT-G questionnaire and FACT-fatigue (F) subscale were used to evaluate QOL and fatigue [11, 12] . The 12-item General Health Questionnaire (GHQ) assessed anxiety and depression [13] . (IL)-1β, IL-6, IL-2, IL-4, IL-8, IL-10, IL-12 , tumour-necrosis factor-α, interferon-γ, and granulocyte-macrophage colony-stimulating factor]; homocysteine and other markers of blood clotting [thrombin-anti-thrombin (TAT), prothrombin fragment-1 and -2, and D dimers]. Genotyping for apolipoprotein-є4 (apo-E4) was carried out. Cytokines were analysed by Luminex technology using a human multiplex kit (Affymetrix, Inc., Santa Clara, CA) and mean immunofluorescence levels are reported. Cytokines, apolipoprotein genotyping, and blood clotting tests, with the exception of D dimers, were analysed in a central laboratory.
statistical analysis
Demographically adjusted T-scores for the clinical neuropsychological tests, corrected for age, education and gender, were generated using data from HC [14, 15] . T-scores were used to examine and compare the prevalence of neuropsychological performance between groups. Principal components analysis (Varimax with Kaiser normalisation) was applied to organise tests into specific cognitive domains as follows: complex processing speed, verbal learning and memory, visual learning and memory, and attention and working memory (supplementary Table S1 , available at Annals of Oncology online). To characterise the performance, T-scores were converted to a deficit score ranging from 0 (no impairment) to 5 (severe impairment) and averaged to derive a Global Deficit score (GDS) to reflect overall neuropsychological performance [16] .
For the CANTAB analysis, z-scores were derived from normative data [8] , except for Verbal Recognition Memory, which was derived from our HC due to lack of normative data. Principal components analysis of CANTAB results generated six components. z-scores were converted to deficit scores and averaged, similar to our approach with the clinical neuropsychological tests.
Global cognitive impairment on clinical tests and CANTAB was defined as GDS of >0.5 [16] . Impairment on individual cognitive tests was defined as a T-score <40 or z-score ≤−1 and overall, by impairment in ≥2 domains. Following recommendations of the International Cognition and Cancer Task Force (ICCTF), we also determined the incidence of cognitive impairment defined as 2 standard deviation (SD) below the HC on at least one cognitive test (or one component for CANTAB), or >1.5 SD below on two or more tests [17] . Equations of Ingraham and Aiken [18] were used to determine whether the frequency of observed cognitive impairment exceeded expectation based on use of multiple measures.
A score <1.5 SD below the HC mean on the FACT-Cog was classified as perceived cognitive impairment. Fatigue of at least moderate severity was defined as a standardised FACT-F subscale score of <68/100, which is 1SD below the mean for the general United States population [19] . Anxiety or depressive symptoms were defined by a score <50/100 on the GHQ [13] .
The primary end points, determined a priori, were cognitive function assessed by the GDS derived from the clinical neuropsychological tests, and fatigue assessed by the FACT-F. Secondary end points included: cognitive function assessed by clinical raw scores, T-scores, CANTAB, and SET; QOL; anxiety, depression, and patients' perception of cognitive function. Potential causative factors were studied in an exploratory manner.
Missing data were handled according to published guidelines for each questionnaire. On the clinical neuropsychological tests if one (of 10) result was unavailable the group mean raw score was imputed to determine the deficit score. If more than one result was missing the GDS could not be calculated. On CANTAB if <50% of tests were missing an impairment rating was calculated by imputing the mean of their other results within the same domain.
Tests between groups were carried out using Kruskal-Wallis test for continuous variables, Cochran-Armitage test for trend for ordinal variables, and exact χ 2 tests for categorical variables. Spearman rank sum correlation coefficients were used to determine associations. The GDS, raw scores and T/z-scores were used to evaluate associations of neuropsychological performance with patient-reported outcomes. Nonparametric tests were used for comparisons with cytokines due to nonnormal distribution. All P values are two-sided, and were not adjusted for multiple testing. Analyses were carried out in SAS v9.0 (Cary, NC).
sample size
Based on an earlier breast cancer study the planned sample size of group 1 was 240 with 50% to receive chemotherapy, providing 80% power (α = 0.05) to detect or rule out a difference in expected rates of cognitive impairment of 20% and 4%, and >90% power to detect a 10% difference on the fatigue subscale, at 12 months between groups receiving chemotherapy or not in the longitudinal study, allowing for attrition [20] . Recruitment of 75 patients with limited metastatic disease was planned for an exploratory analysis, based on feasibility.
After study initiation, we noted a higher rate of baseline cognitive impairment in CRC patients than predicted by population-based normative data. We therefore modified the study to include a concurrent group of 72 HC and increased the sample of CRC patients in group 1 to 290 based on expected baseline rates of cognitive impairment of 30% in CRC patients versus 10% in HC.
results
A total of 291 patients with early-stage CRC, 72 with metastatic CRC, and 72 HC completed baseline assessments. Supplementary Table S2 , available at Annals of Oncology online, details characteristics of the participants.
cognitive function
Mean neuropsychological test scores and proportions of subjects with cognitive impairment based on varying criteria are outlined in Tables 1 and 2, supplementary Table S3, available . Using ICCTF criteria, rates of cognitive impairment were 17% in controls compared with 51% in group 1 (P < 0.001), and 49% in group 2. Overall 45% of group 1 patients had impairment in at least two cognitive domains, compared with 15% of HC. The proportion with deficits in individual cognitive domains was: verbal learning and memory 34% versus 10%; visual learning and memory 17% versus 14%; processing speed 51% versus 15%, and attention and working memory 30% versus 17%. Effect sizes were greatest for measures of verbal learning and memory (Hopkins Verbal Learning Test-total and delayed scores), and processing speed (Digit Symbol and Trail Making Test Part A and B). There was no significant difference in cognitive impairment between groups 1 and 2, or between those in group 1 by stage of disease, time from surgery, evaluation of patients preversus post-surgery, or by country of residence.
Cancer patients had more cognitive impairment than HC when evaluated by CANTAB (GDS 0.41 versus 0.19, P < 0.001), with 30% with localised CRC having a GDS >0.5 compared with 13% of HC (P < 0.004), and 38% impaired using ICCTF criteria compared with 17% of HC (P < 0.001). There was a weak association between performance as indicated by the GDS for the clinical neuropsychological tests and CANTAB (r = 0.26 group 1, r = 0.37 HC). There was no significant difference between the groups on the SET.
After adjusting for group, more women had cognitive impairment on the clinical GDS than men (44% versus 37%, P < 0.045), with more impairment in women with localised CRC than men (52% versus 40%, P = 0.050). There was no significant difference in impairment rates by gender for CANTAB. Increasing age in CRC patients was associated with greater impairment (P < 0.001) on clinical tests and CANTAB, even after adjusting for changes in age expected in a normal population.
patient-reported outcomes
Patient-reported outcomes are summarised in supplementary  Table S4 , available at Annals of Oncology online. Perceived cognitive impairment rates were 21% in group 1, 18.5% in group 2, and 17% in HC (P = 0.51). There was no significant difference in FACT-Cog scores between men and women in group 1, but subjects ≥60 years old reported more cognitive deficits than younger subjects (P = 0.009). Only a weak association was observed between cognitive symptoms and neuropsychological performance by GDS on clinical tests (r = 0.19) or CANTAB (r = −0.18) for group 1 or HC.
Fatigue was reported by 52% of group 1 patients with no difference between those evaluated pre-or post-surgery. The incidence of fatigue in HC was 26% (P < 0.001 for comparison with group 1) and 68% of patients with metastatic disease were fatigued. Women reported significantly more fatigue than men (P = 0.005) after adjusting for group.
Cancer patients, particularly those with metastatic disease, had poorer QOL and more symptoms of anxiety and depression than HC. No significant difference was observed in QOL by gender or age in group 1. Moderate association was found between self-reported cognitive function and each of fatigue (r = 0.43), QOL (r = 0.49), and anxiety and depression (r = −0.44) in group 1, but these symptoms were not associated with neuropsychological performance (supplementary Table S5 , available at Annals of Oncology online). Haemoglobin levels in group 1 were significantly lower than in HC (median 131 versus 142, P < 0.001) and were weakly associated with fatigue (r = 0.21). Prothrombin fragments and D dimers were significantly higher in group 1 than in HC (P < 0.0001) (supplementary Table S6 , available at Annals of Oncology online). Higher oestradiol levels were weakly related to fatigue (r = −0.26) in women in group 1 but not in HC. There was no association between oestradiol levels and GDS. Median levels of most cytokines were significantly higher in cancer patients than HC (supplementary Table S6 and Figure S1 , available at Annals of Oncology online) and were related to stage of disease. They were also higher in pre-surgical patients than those post surgery. No cytokines were associated significantly with neuropsychological performance by GDS. There was a weak association of each of the cytokines with the Trail Making Test Parts A and B (r = −0.21 to 0.34) in group 1, but not with fatigue or anxiety/depression.
apolipoprotein E4
In group 1, 61/260 (24%) patients with genotyping had apolipoprotein E4 alleles, (homozygotes E4/4 n = 3), with 17/72 (24%) in HC (E4/4 n = 3). There was no significant difference in the proportion with cognitive impairment on GDS or ICCTF criteria, or on individual clinical tests, based on absence or presence of E4 alleles.
discussion
This large study evaluated cognitive function and fatigue at or soon after diagnosis of localised CRC, when compared with HC, and a sub-study of patients with metastatic/recurrent disease. We found that 45% of patients with localised CRC had impairment on clinical neuropsychological tests and 30% on CANTAB, compared with 15% and 13% of HC using GDS criteria. There was 51% and 17% impairment using ICCTF criteria on clinical tests in localised CRC patients and HC, respectively. The incidence varies depending on criteria used to define impairment, but regardless, is at least three times higher that of HC.
We found no significant difference in rates of cognitive impairment by disease stage, or between patients pre-and postsurgery. It appears that cancer per se rather than disease stage contributes to cognitive impairment, and that causes other than surgery and anaesthesia, fatigue, or anxiety and depression are responsible for the high rates of cognitive impairment in CRC patients at baseline.
The main cognitive domains affected were complex information processing speed, auditory working memory, and verbal learning efficiency (but not memory or retention of information acquired). This overall profile of cognitive impairment suggests dysfunction primarily in fronto-subcortical brain systems (as is the case in neuromedical conditions such as multiple sclerosis and HIV) as opposed to involving more cortical brain systems (such as Alzheimer's disease).
Two other studies evaluated cognitive function before adjuvant chemotherapy in CRC patients, but both are single arm studies. The first, evaluated 81 patients reporting impairment in 37% on ICCTF criteria, with Trail Making Test Part A and B particularly impaired [21] . The second [22] included 57 patients, and reported no incidence of cognitive impairment based on the Mini Mental State Examination, but this is a dementia screening test and is not sensitive for the subtle impairment seen in cancer patients. Interestingly, their patients and ours had similar mean times on the Trail Making Test Parts A and B; significantly higher than our HC, suggesting impairment was present. Our rates of cognitive impairment are higher than studies of women with breast cancer, where up to 35% of women had cognitive impairment before chemotherapy [4, 23] . A difficulty in testing patients with cancer is finding a battery that is brief, evaluates multiple domains, and is sensitive to subtle cognitive impairment. One aim in using both clinical neuropsychological and CANTAB batteries was to determine whether the computer-based CANTAB might achieve this, and whether its results were well correlated with standard clinical tests. The association of the GDS between the two batteries was weak to moderate, suggesting these two methods are not interchangeable.
We found more cognitive impairment on clinical neuropsychological tests and CANTAB with older age. This is consistent with findings in breast cancer suggesting older patients and those with lower cognitive reserve are at higher risk of impairment [24] .
Our study found a weak association between objective and subjective cognitive impairment. In contrast to objective measures of cognitive impairment, rates of self-reported cognitive symptoms in CRC patients were not significantly different from HC. Our analysis was limited to comparing summary scores for perceived and objective cognitive performance, and we plan further analysis of associations between individual cognitive domains and FACTCog subscales. Other small studies found no association of anxiety, depression, fatigue, or QOL with neuropsychological performance [20] . In our large study, none of these variables was associated with objective cognitive impairment on clinical tests using the GDS.
Mechanistic aspects of this study were exploratory. Using the clinical GDS, we found no evidence to suggest that the candidate mechanisms tested were causing cognitive impairment. Levels of each cytokine were significantly higher in cancer patients than HC; greatest in those with more advanced stage, and those evaluated pre-surgery. There was no association between global cognitive impairment and higher cytokine levels, but there was a weak association between cytokine levels and impairment on the Trail Making Test Parts A and B, measuring processing speed for complex information and cognitive flexibility. These results contradict smaller breast cancer studies reporting an association between cognitive impairment and both apolipoproteinE4 allele and elevated cytokines [25, 26] . It is unclear if these findings are tumour specific, if the mechanism for baseline impairment is different from post-chemotherapy impairment, or their findings were due to chance with small sample sizes.
Strengths of the study include: large sample size; CRC population; evaluation of gender differences; inclusion of a HC group; multiple approaches to cognitive assessment, and extensive correlative biomarkers. A limitation of our study was having more women than men in our HC group, but it was well matched with CRC patients on age and education. We found greater cognitive impairment in women than men with CRC. There was no difference in cognitive impairment by gender in the HC, and rates are consistent with the general population. All HC were recruited from Australia, but there were no differences in the primary end points for group 1 between the two countries. A major challenge in cognitive studies is analysing multiple test results. Multiple significance testing was minimised by using summary statistics for primary end points, but we also analysed raw and domain scores. We chose not to adjust P values and to regard all secondary end points as exploratory. We acknowledge that some differences may be due to chance alone and advise P values >0.01 should be interpreted with caution.
In conclusion, our results show that almost half of CRC patients have cognitive impairment and a similar proportion report fatigue at or soon after diagnosis, and these rates are significantly higher than in controls. Women had greater rates of cognitive impairment than men. A weak association was found between objective cognitive function and cognitive symptoms. Self-reported cognitive impairment was associated with fatigue, poorer QOL, and anxiety and depression, but there was no association between objective neuropsychological performance and: fatigue, anxiety and depression, or QOL. The causes of baseline cognitive impairment in cancer patients remain unknown.
acknowledgements Collaborators, study co-ordinators and participants from the following hospitals:
